As weather patterns across the globe change in response to global warming, we should expect more strain on existing institutions. This paper demonstrates how weather risk induces farmers into a risk-pooling equilibrium whereby private property rights are voluntarily relinquished. We find that as the spacial variability of rainfall increases, rising investment and increased subplot dispersion are complementary hedges against weather risk. With subplot dispersion, the cost of preserving private property rights rises, incentivizing farmers to develop a system of common property rights. In contrast, investment and subplot dispersion become substitute hedges as weather risk diminishes. We provide a dynamic theoretical model which complements previous empirical work on the impact of weather risk on property rights.
Introduction
Economists have long recognized the importance of private property rights in fostering development [1] . The existence of private property rights mitigates exploitation of a stationary resource [2] , and property holders enjoy intangible benefits such as stability and family unity. For example, in a common property resource game, Sethi and Somanathan [3] describe the impact of various property rights regimes on social cohesion and resource exploitation. Moreover, private property rights that are enforced by law are considered to be the foundation for both entrepreneurship and market efficiency [4] [5] .
In a strategic model of cooperation, Tornell [6] studies the connection between shifting property rights regimes and economic growth. Under special assumptions the author generates equilibria with perpetual common property rights. This, Tornell argues, may help to explain the sluggish development observed in lesser developed countries. By holding private property as collateral, individuals are able to secure loans and insurance, enabling them to smooth consumption streams over time. Collateral also stimulates entrepreneurship by providing the necessary financial means and reducing the short run risk associated with undertaking new ventures. Van Long and Sorger [7] prove that when political institutions are weak, rising transactions costs reduce the incentive to covert common property into private capital, thus reducing productivity and growth. However, stressful political, economic or environmental situations can lead individuals to willingly forgo private property rights. Of particular interest is the influence of external factors on the formation of alternative types of property rights regimes. In particular, when might individuals' incentives favor dissolving private property rights in favor of common property rights?
According to Coase [5] the assignment of property rights allows bargaining, and thus contributes to allocative efficiency. Acheson [8] , Li [9] , and De Zeeuw [10] each describe various types of communication and bargaining that facilitate the evolution of inter and intra-community agreements concerning the optimal management of common property resources. Cultural norms can significantly affect the way in which individuals and groups respond to uncertainty. In a study of traditional property rights in the arid regions of Africa, Goodhue and McCarthy [11] find that even in the midst of violent conflicts and government sponsored privatization, traditional views concerning the value of mobility, as well as the right of exclusion, remain important. These norms also influence perceived social and economic benefits of private property rights, either enabling or stunting a transition to a system of shared property rights.
In Honduras, Tucker [12] shows that a socially optimal allocation of clay for pottery production occurs when the benefit of pooling is substantial and obvious to the community. Under these circumstances communities will develop institutions supporting communal access to a normally private resource. In a two-stage game, Chiang and Li [13] demonstrate that within a chaotic environment where production is uncertain, any transition from private to collective property rights depends in part on players' willingness to enforce private property rights.
Using panel data from rural India, Rozenzweig and Binswanger [14] demonstrate the impact of changes in weather patterns on investment returns and the stability of consumption. By developing and testing static first order conditions for utility maximization they demonstrate that the benefits of weather related insurance would be significant if it were universally available and affordable. However, in the absence of weather related insurance, farmers must rely upon other risk reducing measures.
McCloskey [15] demonstrates that environmental factors help determine optimal property rights regimes. In particular, she focuses on the impact of intertemporal and spacial variation in rainfall on individuals' willingness to maintain private property rights. Intertemporal variability describes changes in the amount of rainfall over time. Generally speaking, prolonged droughts affect intertemporal variability. Spacial variability differs from intertemporal variability in that even if an area receives an average amount of rainfall, certain sub-regions might experience drought conditions while others in close proximity with it experience more plentiful rainfall. In empirical studies involving Sub-Saharan Africa Nugent and Sanchez [16] [17] show how spacial variability can lead tribal farmers to forgo private property rights in favor of a hybrid regime involving common property rights. Nugent and Sanchez assume that farmers' utility is based upon average crop yield and rainfall variability. When environmental risks such as spacial variability of rainfall increases (variation according to location), there is an incentive to scatter the plots of land under their control. As a result, tribes become increasingly nomadic. This suggests that there is a threshold where the benefits associated with mobility outweigh those of land ownership. Moreover, once this threshold is reached, individual tribes seem to simultaneously relinquish their squatters' rights in favor of a regime of common property rights where all tribes are allowed access to property formerly controlled by a single tribe.
In a two-sector static model that considers resource use with production, De Meza and Gould [18] suggest that studies of spacial variability of rainfall should include production and costs in conjunction with the utility derived from consumption and risk avoidance. "The balance between costs and benefits of private property rights depends on technologies of production and enforcement and on the values of inputs and outputs. In some circumstances the costs so obviously exceed the benefits that it is not in the social interest to create property rights over a particular class of resources (p. 562)."
Crépin and Lindahl [19] use a somewhat similar dynamic approach to illustrate examples of either cooperative or non-cooperative behavior when managing grasslands. In contrast, our model completely characterizes the dynamics of a pooling equilibrium when weather risk is increasing, and when it is decreasing. The analysis herein provides a theoretical approach to analyzing the influence of weather risk in determining property rights. If weather risk is increasing, one would expect utility to rise as farmers subdivide land endowments into dispersed subplots as long as the net benefits from dispersing land into subplots exceeds the net benefits from maintaining private property rights. In order to facilitate subplot dispersion, the individual farmer must enter into land-swap negotiations with his neighbors. This is the first step in relaxing control over the initial endowment of land. In addition, as the number of subplots grows, the cost of maintaining private property rights rises. The individual farmer is forced to relinquish more control until it is no longer in his interest (utility maximizing) to attempt to maintain private property rights. At this point, the region enters into a common property rights regime. In contrast, when weather risk is declining, the benefits accruing to the enforcement of private property rights exceed the benefits of dispersing land into subplots, so private property rights are sought and enforced.
The literature concerning spacial variability of rainfall has been predominantly descriptive, static and empirical. The models define farmers' utility in terms of consumption and risk avoidance without explicitly incorporating production and costs. Despite the fact that the models are static, there appears to be a desire to extrapolate the results over time. This comes from the fact that property rights do not evolve instantaneously. Weather patterns tend to change gradually, and people's responses to these changes are measured.
What follows is an intertemporal mathematical model illustrating conditions that motivate groups to forego private property rights in favor of common property rights. In short, the model investigates the impact on property rights regimes of the spacial variability of rainfall over time while considering production and costs. The model provides a theoretical framework to complement previous empirical analyses, particularly those of Nugent and Sanchez [16] [17] .
From a policy perspective, fully understanding the circumstances surrounding the evolution of property rights regimes is important when formulating appropriate policies aimed at the development of nations where weather conditions are less predictable. This model helps to explain why different regimes may exist, thus guiding policy makers entrusted with fostering economic development in arid and semi-arid nations to create appropriate laws, and to effectively allocate subsidies. For example, laws and subsidies incentivizing the accumulation of private property may be ineffective and wasteful, especially if these same laws undermine the potential for the formulation and management of common property.
The paper contains four primary sections. Following the introduction, section two provides the intuition and details of the model. Section three explores the dynamics of property rights regimes and section four concludes the paper.
Model
Risk averse farmers coexist in an region where they are subject to spacial variations in rainfall. Increases in the spacial variability of rainfall increase the risk to farming and decrease land values. As a result, the ability to secure insurance or credit decreases, even from informal sources. Weather risk is hedged by crop diversification, mixing farming with animal husbandry, increasing hoarding and saving, and risk pooling via plot scattering or nomadism. Farmers are motivated to disperse their plots over a wider region. Attempting to maintain private property rights while dispersing plots results in higher transportation costs, transactions costs and storage costs. There are also higher costs associated with monitoring and enforcement of private property rights. Further diversification increases these costs, arguably at an increasing rate. Thus, one would expect farmers to gradually begin to support a system favoring open access.
We assume that individual farmers are each endowed with property rights to equally sized single plots ( ) i H used for farming or animal husbandry. Benefits specific to property ownership may be explicit, such as controlling mineral or water rights or using the land as collateral to secure credit. Nevertheless, implicit benefits to ownership, such as the enjoyment one receives from establishing a secure family homestead, are also important. However, even if private property rights are relinquished, farmers can continue to benefit (profit) from farming or grazing. In fact, it is the pursuit of farming or grazing opportunities in the face of increasing weather risk that motivates farmers to relax or relinquish private property rights. By relinquishing private property rights, those benefits that are specifically tied to property ownership are forgone. Therefore, as spacial variability in rainfall increases, there is a trade-off between the benefits (profits) ones accrues from farming and those benefits specific to land ownership.
We assume that within a given region, there is a representative agent or farmer seeking to maximize utility, is increasing and concave in both arguments. This includes benefits such as the ability to use as collateral, while also considering costs to maintain these rights. Again, the benefits and costs associated with preserving property rights are considered separately from those specifically associated with farming. To fully comprehend the parameter b, simply subtract the profits that would typically accrue to a tenant-farmer from the profits and other net benefits one would receive as an ownerfarmer. As the number of subplots increases, monitoring becomes more difficult and incidences of squatting, crop seizures and even vandalism are likely to increase. It is assumed that these costs would affect the tenant farmer and the owner-farmer similarly. Thus, the parameter b is assumed to depend indirectly on the number of subplots, m.
Considering Weather Risk
The farmer has the option to hold his land endowment (H) in the form of a single plot. However, he can also choose to reduce his exposure to weather related risk by subdividing his land endowment into m subplots ( )
which he can then exchange for comparable subplots throughout the region. The farmer's total property can then be expressed as 
1 Equation (1) 
So, even when spacial (regional) variability is constant, increasing subplots has a diminishing impact on risk. Also note that the average variation in rainfall, r, rises as the number of subplots, m, rises because as the subplots become more dispersed, there is greater variation in the weather between plots, and average variation rises.
Assume a perfectly competitive market for an agricultural capital-consumption good, x , and an exogenously determined price, p. Again, m is the extent to which land is divided into subplots (and exchanged). One manages weather risk,
, is increasing and concave with respect to the capital consumption good, x , and decreasing and convex with respect to risk,
2 Define x  to be investment, or the change in the input x (e.g. seed), to be employed in crop production in the next period once quantity supplied ( ) q is determined and depreciation ( ) x ζ is taken into account. 3 As a result, crop production follows the growth rule, 3 Corn is an example of an agricultural capital consumption good, for it can be consumed, or it can be invested (saved as seed for the next set of crops). 4 This is an intentionally different interpretation of Solow's law of motion (1956). In the law of motion depicted here, the farmer manages the quantity to be sold (q) in lieu of consumption. Consumption is a constant percentage of the total capital-consumption good available, . x ζ There is no depreciation. 5 As long as the notation is clear, we opt to express derivatives like 
Intertemporal Utility Maximization
Because voluntarily relinquishing property rights is necessarily an evolving process, we investigate the problem from an intertemporal perspective. This is consistent with the fact that weather risk changes gradually, so subplot dispersion occurs slowly, with the number of subplots increasing gradually as the weather becomes less predictable. As weather conditions become riskier, the number of subplots grows and subplots become more dispersed; eventually farmers may decide that the costs associated with maintaining property rights exceed the benefits. This progression is not addressed by the existing empirical work.
The representative farmer chooses the quantity to be sent to market and the number of subplots in a manner consistent with intertemporal utility maximization. Thus, assuming β is the discount rate and suppressing the time argument, t , the farmer's intertemporal utility maximization problem is: 
with the additional condition, 
The control variables of this optimal control problem are q and m. The state variable is x .
The Dynamics of Property Rights Regimes
In order to generate the first order conditions for a maximum, formulate the current value Hamiltonian:
( ) 
The partial derivatives yield two first order conditions, Equations (8) and (9).
Also, 6 The reader can verify that the second order derivatives have the appropriate sign for a maximum. 7 When convenient, we adopt the convention, 
According to Equation (9), optimal plot diversification occurs when the marginal benefit of diversification, in terms of the impact of rainfall variation has on both benefits of ownership and production, exactly offsets the marginal cost of plot diversification.
The current value adjoint or costate equation is:
Combining (8) with (10), when 0
That is, the marginal increase in capital equals the discount rate, or the rate of impatience. Note that farmers in this scenario most likely face a competitive market, so price changes are exogenous. Thus, in the absence of significant external shocks, price will remain relatively constant.
Recall that supply follows from Equation (4),
.
The steady-state exists when investment is constant ( )
, . 
Optimal Subplot Diversification
The following illustrates the conditions that determine the optimal number of subplots given rainfall variability, and the marginal benefits and marginal cost of diversification.
Proposition 1:
The optimal number of diversified subplots is positively related to the spacial variability of rainfall, and varies inversely with respect to the marginal cost of subplot diversification.
Proof: To determine the optimal number of subdivided and dispersed plots, substitute for 
The result then follows directly from Equation (12) . ■
Optimal Investment and Production
We now wish to examine the dynamics of the farmer's problem (P) in more detail. Differentiating the mean variability of rainfall (or weather risk) given by Equation (1) with respect to time, one sees that the average variability of rainfall witnessed by the farmer changes over time according to the rule, .
After solving for x  , we obtain optimal investment,
Using Equation (13) 
This solution to the Hamiltonian system yields the optimal condition for investment. Equations (14a) and (14b) define the optimal conditions consistent with intertemporal utility maximization.
The objective function is linear in q, and it is a "bang-bang" control variable. As such, when optimizing the farmer will choose to either sell nothing, or sell q * . Substituting the weather risk Equation (1) into (14b) and rearranging reveals the relationship between investment and quantity supplied for any combination of x and q, including x * and q * . ,ˆ + .
Proposition 2: As a hedge against weather risk, (a) optimal investment is positively related to changes in the spacial variability of rainfall. Consequently, optimal quantity supplied is negatively related to variations in the spacial variability of rainfall. (b) In contrast, optimal investment varies negatively with subplot diversification, while optimal quantity supplied varies positively with subplot diversification.
Proof: (a) By our initial assumptions, 
Then, result (a) follows directly from Equation (14b) and result (b) follows directly from the expression above and (15). ■ Therefore, if the farmer chooses to maintain the current number of plots, when spacial variability increases, the farmer will choose to reduce the quantity supplied and increase investment, x  . In other words, if the number of plots is fixed, the farmer devotes a greater share of his crop toward seed as a hedge against greater uncertainty. persion whereas below the curve, there is a tendency to decrease dispersion. 8 Next, we study the effect on subplot dispersion when the spacial variability of rainfall is increasing ( ) 
Subplot Dispersion in the Steady
Thus, Equation (17) 
< , the same is true when price is rising. Moreover, in this scenario, it is likely that increased weather risk reduces market supply, causing price to rise. As a result, it is far more likely that 0, p ≥  and hence ˆ0
p ≥ , although we also show the case when price is falling ( )
Recall that by Equation (11) . In addition, according to Equation (15a), when price falls below p * , quantity supplied falls to zero. Therefore, the optimal amount of capital, x * associated with q * , is a utility maximizing saddle point consistent Equations (8) and (12) when the initial first order condition is satisfied ( )
Again, the steady-state condition is defined by . That is, the farmer is dispersing his subplots at a faster rate.
As a result, the maximum number of subplots for which the net benefit of preserving private property rights is positive ( ) max m is attained more quickly. As such, adoption of a regime of common property rights becomes more imminent. In other words, the utility maximizing reaction to an increase in the spacial variability of rainfall is to risk pool by entering into a property sharing arrangement with one's neighbors. This increases the cost associated with the preservation of private property rights and eventually forces the farmer to relinquish his private property rights in favor of common property rights.
The phase diagram for increasing spacial rainfall variability (Figure 1 ) reveals three potential equilibria. Given the linearity of q, these equilibria are consistent with a bang-bang solution for quantity sold. Equilibrium occurs when the farmer optimizes by selling * 0= > , or by selling nothing, 0 q = . When 0 0= = and 0 0 x x = = , the farmer is electing to produce nothing. This is the first equilibrium. That is, the start-up costs in this instance serve as a barrier to entry, so no production or sales is the best possible course of action. In this case, the farmer will find other work. In the second equilibrium, the farmer reduces production risk via plot dispersion. This act of risk-pooling in the face of increasing spacial rainfall variability decreases production risk, allowing the farmer to produce, and to sell 9 Technically, to justify that this is a saddle-point, one must show that the characteristic equation of the linearized system of differential equations contains two real roots having opposite signs (Kamien and Schwartz [20] ). all they produce. Considerable crop dispersion leads to high transportation and transactions costs make them unwilling to sell any amount at the market price. Here, subplot dispersion acts as a hedge against weather risk. Rising investment tends to offset further plot dispersion beyond m max , indicating that increasing investment is an alternative hedging mechanism against weather risk.
Subplot Dispersion in the Steady-State When Average Variability of Rainfall Is Falling
The scenario is similar when the spacial variability of rainfall is diminishing, . Therefore, as the spacial variability of rainfall declines, at the steady-state, the farmer is consolidating his plots ( )
. Because weather risk is declining, the benefits accruing to the enforcement of private property rights exceed the benefits of dispersing land into subplots (Figure 2) .
In the first equilibrium ( ) 0 0 0 and 0x x = = = = , barriers to entry such as high initial costs dissuade the farmer from producing. However, as subplot dispersion decreases, costs become less formidable. As a result, in the second equilibrium the farmer chooses to produce and sell * * 0 atx x => = . In the final equilibrium, the farmer chooses to produce, but elects to consume all output himself (sells nothing). Much like the case where spacial variability in rainfall increases, the market price is not sufficiently high enough to merit selling at market, but costs are still not so high as to abandon production. To summarize, recall that whenever 0 m >  , one moves closer to a system of common property rights.
As the spacial variability of rainfall increases ( ) 
Conclusion
This model provides a theoretical justification for evolving property rights regimes by providing a dynamic intertemporal model demonstrating how changes in risk associated with weather variability motivate farmers to forego private property rights in favor of common property rights. Existing literature concerning spacial variability of rainfall is predominantly descriptive or empirical. Static models are used to implicitly describe a dy- F. E. Raymond, B. W. Raymond 236 namic process. We believe that this analysis provides a satisfactory theoretic framework to complement previous work and to help guide future research on the topic. Specifically, the model considers how production and costs, as well as the benefits of maintaining private property rights, influence property rights regimes when the spacial variability of rainfall is changing over time. Weather risk increases in response to increases in the spacial variability of rainfall. As this risk increases, farmers are motivated to relinquish control over their property in order to induce neighbors to risk-pool by subdividing and sharing land endowments. Specifically, when utility is maximized, an increase in the spacial variation of rainfall leads to a rise in the rate of subplot dispersion. Similarly, when spacial variation is constant or falling, farmers are motivated to maintain private property (land endowments).
We demonstrate the existence of three equilibria consistent with intertemporal utility maximization in the face of first increasing and then decreasing, spacial variability of rainfall. In the first equilibrium, the farmer elects to produce nothing because high start-up costs serve as a barrier to entry. In the second equilibrium, the farmer reduces production risk via plot dispersion. This act of risk-pooling in the face of increasing spacial variability in rainfall decreases risk, allowing the farmer to both consume and to sell portions of his production. In the final equilibrium, further diversification of subplots causes a significant increase in transportation and transactions costs, but farmers continue to produce. Farmers invest more, but consume all that they produce.
We find that as the spacial variability of rainfall increases, subplot dispersion is generally concurrent with rising investment. That is, rising investment and increased crop dispersion are complementary hedges against weather risk. We also describe three similar equilibria that occur when the spacial variability of rainfall is declining. However, in this case, as weather risk declines increased investment is consistent with a decline in subplot dispersion. That is, investment and crop dispersion act as substitute hedges against weather risk as that risk decreases. This is consistent with the proposition that individuals will move towards a system of private property rights as weather risk declines.
Understanding how property rights regimes can evolve is important when formulating appropriate development policy. The dissolution of private property rights can radically change the status quo. It can lead to nomadic migration which can increase tension among tribal groups, or compromise state or international borders. Also, credit markets typically rely on land as collateral, particularly in developing nations. Increased weather risk that leads to the disbanding of private property rights has the potential to significantly disrupt credit markets. Moreover, as weather patterns across the globe change in response to global warming, we should expect more social upheaval and more strain on existing institutions. As a result, more research into the impact of weather risk on property rights and other institutions is needed.
